Excessive release of proinflammatory cytokines by innate immune cells is an important component of the pathogenic basis of malaria. Proinflammatory cytokines are a direct output of Toll-like receptor (TLR) activation during microbial infection. Thus, interference with TLR function is likely to render a better clinical outcome by preventing their aberrant activation and the excessive release of inflammatory mediators. Herein, we describe the protective effect and mechanism of action of E6446, a synthetic antagonist of nucleic acid-sensing TLRs, on experimental cerebral malaria (ECM) induced by Plasmodium berghei ANKA. We show that in vitro, low doses of E6446 specifically inhibited the activation of human and mouse TLR9. Tenfold higher concentrations of this compound also inhibited the human TLR8 response to single-stranded RNA. In vivo, therapy with E6446 diminished the activation of TLR9 and prevented the exacerbated cytokine response observed during acute Plasmodium infection. Furthermore, severe signs of ECM, such as limb paralysis, brain vascular leak, and death, were all prevented by oral treatment with E6446. Hence, we provide evidence that supports the involvement of nucleic acid-sensing TLRs in malaria pathogenesis and that interference with the activation of these receptors is a promising strategy to prevent deleterious inflammatory responses that mediate pathogenesis and severity of malaria.
M
alaria is still an important global concern affecting millions of people and putting 40% of the world's population at risk (1) . Thanks to global governmental and nongovernmental initiatives, malaria vaccine development and testing are progressing rapidly. It is expected that such vaccines might diminish levels of severe malaria and give infants and small children a better chance of surviving the scourge (2) . No efficacious vaccine for malaria exists yet, however, and most children are still vulnerable to the disease. We thus continue to rely on the development of effective therapeutical compounds to lessen symptoms and lethality in cases in which the infection takes hold.
Development of immunomodulatory chemotherapies is also an important strategy to improve the management of patients undergoing acute malaria episodes. Our view is supported by reports of people living in areas where transmission is holoendemic. In those areas, people are continuously infected by Plasmodium but the majority of infected adults rarely experience overt disease (3, 4) . Although clinically immune, those individuals often remain persistently parasitemic. They usually go about their routines feeling essentially healthy despite harboring a parasite load that would almost universally prove lethal to a malaria-naive visitor. This vigor in the face of infection suggests that clinical manifestations of malaria are caused by an exaggerated host immune response to Plasmodium infection rather than the sole presence of blood parasites. Indeed, untreated or inadequately treated Plasmodium falciparum infections can persist for a long time in the human host (5), sometimes with no patent clinical symptoms.
Much of the overreactive immune responses result from activation of innate immune receptors such as the Toll-like receptors (TLRs), which are critical for proinflammatory cytokine production during microbial challenge. Since their discovery in the 1990s, a relatively large bulk of evidence implicating TLRs in the pathogenesis of multiple immune-mediated inflammatory disorders (IMIDs), such as systemic lupus erythematosus and rheumatoid arthritis, has accumulated. There is now sufficient validation around certain TLRs to justify them as therapeutical targets (6, 7) . Curiously, antimalarial drugs were widely used for the treatment of IMIDs long before their inhibitory effect on intracellular TLRs was recognized (8) .
The role of TLRs in the pathogenesis of malaria has been proposed by different studies. Although some conflicting data exist (9), the vast majority of studies (10) (11) (12) (13) (14) (15) (16) (17) , including our own (18) (19) (20) , indicate that Plasmodium parasites possess intrinsic TLR agonists, which are important components of the proinflammatory responses and the immune-mediated symptoms in both rodent and human malaria. In addition, we observed a hyperresponsiveness of TLRs during acute episodes of human and rodent malaria (19) . Long before TLRs were discovered and TLR4 was recognized as the receptor for LPS, it was shown that the amount of Escherichia coli LPS considered lethal to naive mice is decreased several hundredfold in mice infected with different Plasmodium species (21) . This phenomenon remained unexplained until recently, when it was shown that malaria causes proinflammatory priming of innate immune responses (16, 19, 22) . Our group has shown that TLR9 activation is a key mechanism in malaria-mediated inflammatory priming, because WT mice became extremely susceptible to low doses of LPS, whereas TLR9 −/− mice were partially protected (19) . We therefore hypothesize that inhibiting activation of TLR9, or eventually other nucleic acid-sensing TLRs, by antibodies, peptides, or small molecules will render a better clinical outcome by preventing the excessive production of inflammatory mediators, a trait of acute malaria. With this in mind, we tested E6446, an unique synthetic antagonist for nucleic acid-sensing TLRs (Fig.  1) , as an immunomodulatory strategy during acute episodes of malaria. The effect of oral treatment with E6446 was evaluated on an experimental cerebral malaria (ECM) model of Plasmodium berghei ANKA (PbA). We show that treatment with E6446 reduced the levels of proinflammatory cytokines produced during acute malaria and protected mice from ECM. Furthermore, mice with mutant nonfunctional UNC93b, a protein that is essential for the trafficking of nucleic acid-sensing TLRs from the endoplasmic reticulum to the endosomal compartment, are partially resistant to ECM. These findings provide evidence that the nucleic acidsensing TLRs are crucial for the pathogenesis of PbA-induced ECM. Thus, E6446 inhibits the endosomal activation of nucleic acid-sensing TLRs in vivo and prevents ECM. Fig. 2A) . Treatment of human peripheral blood mononuclear cells (PBMCs) with E6446 also diminished IL-6 production in response to the TLR9 (CpG ODN 2402) and TLR8 [single-stranded RNA (ssRNA)] agonists (24) , in the range of 0.05 and 0.5, respectively. Approximately 5 μM was required to inhibit 50% of the response to R848, which also activates mouse TLR7 and human TLR8 (25) (Fig. 2A, Lower) . Chloroquine, a widely used antimalarial drug, has immunomodulatory properties (26) , specially by interfering with endosomal TLR function (27) , and has been used in the treatment of autoimmune disorders (28) . We thus compared the effect of E6446 with that of hydroxychloroquine. When tested in HEK-TLR9 cells stimulated with oligo 2006, E6446 was eightfold more potent than hydroxychloroquine (mean IC 50 over several experiments of 0.01 vs. 0.08 μM for hydroxychloroquine). Similarly, in human PBMCs stimulated with oligo 2216, the IC 50 for E6446 is 0.23 μM, whereas for hydroxychloroquine, it is 1.2 μM.
Results
To test the in vivo efficacy of E6446 on inhibition of TLR9, C57BL/6 mice were orally treated with 60 mg/kg of E6446 1.5 h before challenge with increasing concentrations of CpG ODN 1668. Oral treatment with E6446 completely inhibited IL-6 production in sera 2 h after challenge with oligonucleotide containing CpG motifs (Fig. 2B) . Consistent with what we observed for human PBMCs, incubation of mouse spleen cells with increasing concentrations of E6446 diminished in vitro IL-6 production in response to CpG ODN 1668 (0.01-0.1 μM) and R848 (1-10 μM). The specific activity of E6446 on TLR9 activation was further confirmed in vivo. First, dose-response experiments showed that mice treated with 20 or 60 mg·kg −1 ·d −1 of E6446 presented dosedependent inhibition of TLR9 signaling (Table S1 ). Next, BALB/ c mice were orally treated with 20 mg·kg 
E6446 Prevents Hyperresponsiveness of TLRs and LPS-Induced Septic
Shock in Rodent Malaria. Because of its ability to block TLR activation by nucleic acids, we decided to evaluate the effect of E6446 on malaria pathogenesis. We first evaluated the efficacy of E6446 treatment on Plasmodium chabaudi infection. Although not usually lethal, we have previously shown that this murine model causes a proinflammatory priming of TLR responses rendering mice extremely susceptible to low doses of LPS (19) . Treatment with 60 mg·kg −1 ·d −1 of E6446 diminished TLR responsiveness during acute malaria (Fig. 3A) . Furthermore, when given at a higher concentration (120 mg·kg
), which was not toxic, E6446 protected infected mice from LPS-induced shock (Fig. 3B) . Of note, mice treated with 120 mg·kg −1 ·d −1 of E6446 presented even higher resistance (86% survival) to LPS-induced shock than TLR9 −/− mice (38% survival) (19) compared with vehicle-treated mice (<10% survival). Based on our in vitro experiments (Fig. 2) , it is conceivable that, in vivo, 120 mg·kg
of E6446 was able to inhibit activation of both TLR7 and TLR9. If this is the case, these results suggest that along with TLR9, TLR7 and TLR8 (in humans) may be involved in priming and enhancing the responsiveness of TLRs, systemic inflammatory reaction, and pathogenesis of malaria. Importantly, the highest serum drug concentration reached in vivo at a dose of 120 mg/kg is around 1 μM, which is 30-to 50-fold less than the E6446 concentration required to block in vitro activation of TLR4 by LPS. Furthermore, treatment with E6446 (120 mg·kg −1 ·d −1 ) did not prevent the death of noninfected mice after challenge with a lethal dose of LPS (500 μg) reinforcing the specific effect of E6446 for nucleic acid-sensing TLRs but not for TLR4, which is activated by LPS ( Fig. 2A) .
E6446 Prevents ECM in Mice. We next tested if blockade of cell signaling through nucleic acid-sensing TLRs has any impact on PbA-induced ECM. C57BL/6 mice were orally treated with 120 mg·kg
·d −1 of E6446 or vehicle from day −1 to day 12 postinfection with 1 × 10 5 PbA-infected red blood cells (iRBCs). As expected for this malaria model (29) , most mice treated with vehicle succumbed to PbA-mediated ECM by day 6-12 postinfection (Fig. 4A, Upper) . Although no change in parasitemia was observed (Fig. 4A , Lower), treatment with E6446 had a pronounced effect on enhancing survival after infection with PbA.
To address the compelling efficacy of E6446 on an already established disease, we tested whether treatment with this compound could prevent the development of PbA ECM before the
Although the efficacy of E6446 in preventing ECM decreased, mice treated with this compound had a better survival rate than vehicle-treated mice (Fig. 4B) . E6446 failed to protect mice when administered after 6 d postinfection at the onset of the cerebral syndrome.
We next evaluated the effect of E6446 treatment on the cytokine profile during PbA infection. Mice treated with E6446 produced significantly lower levels of proinflammatory cytokines (Fig.  4C, Upper) . Furthermore, PbA-mediated priming of TLR responses was also diminished by E6446 therapy (Fig. 4C, Lower) . Nucleic acid-sensing TLRs (e.g., TLR9, TLR7) are highly expressed on dendritic cells (DCs) and were shown to be activated by Plasmodium products that play a relevant role in malaria pathogenesis (18, 30, 31) . We thus sought to identify the effect of E6446 on cytokines produced by myeloid CD11c + MHCII + DCs using a flow cytometry (FACS) assay for intracellular cytokine staining. We found that in mice infected with PbA, the production of TNF-α was significantly increased at day 6 postinfection compared with noninfected mice. TNF-α production was abolished in cells from PbA-infected mice treated with E6446 (Fig. 4D) .
To confirm the involvement of endosomal TLRs in ECM pathogenesis, we infected "three-deficient" (3d) mice with PbA. The 3d mice have a single mutation in the UNC93B1 gene and are not responsive to TLR3, TLR7, or TLR9 agonists (32) . Importantly, our results in 3d mice resemble the results obtained in mice treated with E6446. These mice showed impaired production of proinflammatory cytokines and were more resistant to PbA-induced ECM, although presenting with similar parasitemia (Fig. S1) . Hence, these results further support the hypothesis that E6446 therapy protects against PbA-induced ECM by blocking activation of nucleic acid-sensing TLRs.
Symptoms of ECM Are Attenuated by E6446 Therapy. Brain seizures with severe debilitation are strong indicators of PbA ECM. We therefore performed neurological examinations in each mouse during acute PbA infection. We show that mice treated with E6446 attained a better clinical outcome; symptoms were attenuated compared with vehicle-treated mice (Fig. 5A) . Proinflammatory cytokines, such as TNF-α and IL-1β, have been A B Fig. 3 . E6446 prevents priming of TLR proinflammatory responses. C57BL/6 mice were treated with 60 mg·kg (1 μg/mL), Poly:IC (100 μg/mL), CL075 (100 ng/mL), CpG ODN (1 μg/mL), or P. chabaudi extract (100 μg/mL) for 48 h. Cytokine levels in cell culture supernatant or in sera were assessed by ELISA. P.c., P. chabaudi. shown to affect blood-brain barrier (BBB) permeability, leading to leak and infiltration of mononuclear cells contributing to ECM (33) . Because of its inhibitory effect on cytokine production in mouse cells (Fig. 2B ) and in malaria infection (Figs. 3B and 4C), we next tested the effect of E6446 on the integrity of the BBB during PbA infection. We assessed cerebral vascular leakage after i.v. injection of 1% Evans blue in mice with endstage ECM. Mice treated with vehicle displayed a distinct vascular leakage, shown by a blue staining of the brain, that was absent in E6446-treated mice (Fig. 5B) . The morphological correlate of the vascular leak was investigated in brain tissue sections. Consistent with the macroscopic observation, brain vessels of infected mice treated with vehicle displayed typical microvascular damage with sequestration of iRBCs, including the presence of hemozoin, mononuclear cell adhesion on the endothelium, and hemorrhage into the parenchyma, which was much less frequent in E6446-treated mice. In general, PbAinfected mice treated with E6446 presented significantly lower numbers of brain intravascular inflammatory foci (Fig. 5C ).
Discussion
Severe malaria is a complex multisystem disorder in which multiple parasite and host factors contribute to disease severity and outcome. Nevertheless, years of studies on malaria have progressively shown an important role for proinflammatory cytokines in disease pathogenesis (34, 35) . It is currently known that parasite sequestration is exacerbated by cytokine-mediated up-regulation of host endothelial receptors that bind to parasitized erythrocytes (i.e., intracellular adhesion molecule-1, vascular cellular adhesion molecule) (15, 33, 35, 36) . Studies in mice with deficiency in several inflammatory mediators (e.g., TNF-α) (37), other cytokines, and chemokines (38) suggest that the ECM model used in this study is mainly a cytokine-associated encephalopathy. Furthermore, it is accepted that severe anemia, another important cause of disease severity common to P. falciparum and Plasmodium vivax malaria, does not occur as a result of destruction of iRBCs per se, because for every iRBC destroyed during malaria, ∼32 non-iRBCs are removed from the circulation (39) . Cytokines such as TNF-α and IFN-γ suppress hematopoiesis and enhance uptake of noninfected erythrocytes (40) , contributing to anemia (41) (42) (43) . Thus, irrespective of the underlying events driving the pathogenesis of malaria, there is strong evidence for the direct or indirect implications of proinflammatory cytokines (34, 35) . One of the top priorities in current malaria research is the development of affordable strategies for preventing severe disease in Plasmodium-infected patients. Thus, understanding the complexity of malaria pathogenesis is essential to develop strategies to control disease severity, which include therapeutical drugs and prophylactic vaccines. Although acquired immunity following malarial infection has been thoroughly studied, innate immunity has not been subjected to similar scrutiny, let alone considered promising for therapeutical targets.
Indeed, high levels of TNF-α and other proinflammatory cytokines, such as IFN-γ and IL-6, have long been associated with acute malaria episodes, including cerebral malaria (CM) (34, 35) . Therapy with anti-TNF mAbs did not protect children with CM, however (44). Importantly, TLRs are essential in driving the production of proinflammatory cytokines during malaria. Indeed, Coban et al. (13) protected from i.v. injection of a low dose of LPS (19) . Together, these results suggest that, in addition to TLR9 (12, (17) (18) (19) (20) , other MyD88-dependent TLRs are involved in the inflammatory response and pathogenesis of ECM. In this regard, the use of E6446 to treat malaria is highly appropriate. Instead of neutralizing TNF-α or other single cytokine activity, E6446 prevents cellular activation by nucleic acid-sensing TLRs, presenting a broader inhibitory effect on proinflammatory cytokine production. Our results show that treatment with E6446 prevented hyperresponsiveness of TLR responses as well as development of ECM during acute rodent malaria. Importantly, treatment with E6446 did not affect parasitemia, suggesting that the observed effect was attributable to modulation of excessive proinflammatory response during Plasmodium infection. Furthermore, the resistant phenotype of 3d mice, deficient in TLR3, TLR7, and TLR9 functions, strengthens our conclusions that nucleic acid-sensing TLRs are critical for the inflammatory response and pathogenesis of ECM. As in many diseases associated with sepsis, the innate immune system appears to have a central role in causing its most deleterious sequelae during acute malaria episodes. Moreover, our results suggest that hyperresponsiveness of TLRs favors the direct activation of innate immune cells by Plasmodium components. Thus, the parasite-derived TLR agonists released during rupture of iRBCs would be partially responsible for TLR-induced cytokinemia as well as for the signs and/or symptoms observed during acute episodes of malaria, as is the case for paroxysm. Activation and priming of innate immune responses seem to occur early during malaria, which may explain why emergency treatment with E6446 failed to protect mice when started at end-stage disease. Indeed, chloroquine, which has been widely used in this model of ECM, is also ineffective in inhibiting further development of cerebral syndrome and saving mice with end-stage disease (45) .
Until P. falciparum is eradicated, the goal must be to reduce the incidence of disease. It is through the study of pathogenesis in the laboratory and in the field that methods can be developed to reduce disease in the tropics. Therefore, E6446, a small molecule that acts as an antagonist for nucleic acid-sensing TLRs seems to be a real alternative to prevent severe and lethal malaria. The development of unique therapeutical strategies for prevention of clinical malaria is welcome, especially after recent reports that artemisinin-based therapies are failing a growing number of patients (46, 47) . We therefore believe that E6446 or other immunomodulatory therapies can be used to prevent or delay the sepsis related-symptoms and CM observed during malaria infection, and thus provide additional time for the action of conventional antimalarial drugs to eradicate infection in patients who have malaria.
Methods
Mice. C57BL/6 mice (originally purchased from Jackson Laboratories) 6-8 wk of age (Animal Unit, University of Massachusetts) were caged in groups of four animals. The animals were housed under standard conditions and had free access to a standard diet and tap water. Mice with deficiency to UNC93B1 (3d mice) were a gift from Bruce Beutler (The Scripps Research Institute, La Jolla, CA). All animal work was approved by the appropriate institutional animal care and use committee.
Drug and Treatment. The compound E6446-02 (Eisai) was dissolved in water, and its concentrations were adjusted so that the final dose in body weight (mg/kg) was given in 0.1 mL. Mice treated with vehicle (water) were used as a control group. The animals were treated through oral gavage once daily at the dose stated for several days postinfection. The drug was administered 24 h before infection.
In Vitro Assays. E6446 was assayed for suppression of freshly isolated human PBMCs or BALB/c mouse spleen IL-6 production in response to stimulation by oligonucleotide 1668, R848, or ssRNA. The compound was added to dissociated cells [5 × 10 5 per well in complete RPMI/10% (vol/vol)] before addition of stimulants. Cells were stimulated for 72 h, and supernatant was removed for ELISA analysis of IL-6 (Pestka Biomedical Laboratories and Quantikine Colorimetric ELISA kits; R&D Systems, Inc.).
Infection and Examination. The P. chabaudi chabaudi AS strain and PbA (Swiss Tropical Institute) were used. The parasites kept in liquid nitrogen were thawed and passaged into C57BL/6 mice as parasite donors. For experimental infection, parasite-containing erythrocytes (iRBCs) were collected from donors in heparinized tubes by retroorbital bleeding and 1 × 10 5 iRBCs were injected i. p. into naive mice. These mice were carefully observed daily, and parasitemia was estimated by counting Giemsa-stained thin blood smears. For infections with the P. berghei model, neurological examination was performed by two independent observers using different parameters that included ruffled fur, abnormal postural responses, reduced reflexes and reduced grip strength, coma, and convulsions. Mice that demonstrated complete disability in all parameters or died between days 7 and 12 postinfection were considered as having CM. Mice were treated in accordance with procedures approved by the Animal Ethics Committee of the University of Massachusetts. Brains were removed and used for histological analysis after H&E staining.
Cytokine Analysis. Cytokines were assessed in the sera or in supernatants of cultured splenocytes from C57BL/6 mice infected i.p. with 10 5 P. chabaudi or were killed and brain coloration was assessed. Naive mice were also injected with Evans blue and used as a control.
(C) Brains from vehicle-or E6446-treated mice were harvested at day 7 postinfection and fixed in formalin; brain sections were then stained with H&E. Brain lesions were identified over oil immersion 1,000× magnification (Left) and counted over 40× magnification (Right) on an optical microscope. Statistical analysis was performed using an unpaired two-tailed Student's t test. A P value <0.05 was considered to be statistically significant.
P. berghei iRBCs treated or not treated with E6446. Each experiment was repeated two to three times. Each animal was analyzed individually. Spleens were aseptically removed and macerated through a nylon mesh over the course of the experimental infection. After RBC lysis, splenocytes were resuspended in RPMI, 10% (vol/vol) FCS (Gibco), and 1% gentamicin (Schering Plough) at a density of 2.5 × 10 6 cells per milliliter. Splenocytes were subsequently cultured in 48-well plates for 48 h in a final volume of 1 mL in the presence of Con A (Sigma), higly purified LPS (Sigma-Aldrich), or CpG ODN (Invivogen). Measurements of cytokines were performed using commercially available ELISA kits (R&D Systems). Serum cytokines from P. chabaudi-infected mice were quantified with the CBA inflammation kit (Becton-Dickinson).
Intracellular Staining of Cytokines. At day 6 postinfection with 10 5 PbA iRBCs, spleens from mice treated or not treated with E6446 were harvested and CD11c + splenic DCs were isolated using CD11c microbeads (Miltenyi Biotec) according to the manufacturer's instructions. Cells (5 × 10 5 ) were Fc-blocked with 2.4G2 mAb (BD Pharmingen) and labeled with efluor-conjugated antiCD11c, Cy5-conjugated anti-mouse MHCII, and phycoerythrin (PE)-conjugated anti-mouse CD40, CD86, and CD80 mAbs (BD Pharmingen). A nonrelated IgG mAb was used as a control for staining specificity. For intracellular analysis of cytokines, cells were fixed and permeabilized with BD Cytofix/Cytoperm (BD Pharmingen) and stained for intracellular TNF-α, IL-12 p40/p70 levels using PEconjugated anti-mouse mAbs (BD Pharmingen). Data were analyzed using Flowjo software (TreeStar).
Statistical Analysis. All data were analyzed using Graphpad Instat 4.0 software. Unless stated otherwise, all comparisons were performed using a twotailed Student's t test. Mann-Whitney U testing was used for nonparametric analysis when data did not fit a Gaussian distribution. A P value ≤0.05 was considered to be statistically significant.
